The pathway of carotene biosynthesis from isopentenyl pyrophosphate in tomato fruit plastids has been established, except for minor details, through the conversion of radioactive Substrates and intermediates to acyclic and cyclic carotenes in cell-free systems.
INTRODUCTION
Sturlies on the biosynthesis of carotenes have passed through several phases over the past 20 to 30 years. These phases have been reported by Professor Goodwin in his Introductory Lecture. Hence, we will not repeat them, except to indicate their relationship to sturlies on the enzymatic synthesis of carotenes. Early sturlies established the structures and the stereochemistry of many of the carotenes that we will consider in this report. At the same time, or later, sturlies on the biosynthesis of carotenes were initiated. Early sturlies utilized the techniques common in plant physiology and genetics. Other sturlies made extensive use of inhibitors such as diphenylamine. Most of these sturlies were carried out with tomato fruits or with various microorganisms. More recent sturlies have utilized radioactive precursors of the carotenes; first in vivo and then in cell-free extracts. Through these sturlies the general features of the pathway of carotene biosynthesis have been established.
In the report that we are presenting we will attempt to move our understanding of carotene biosynthesis one step further. We will concern ourselves almest exclusively with the enzymology of carotene biosynthesis. Through such investigations one can identify the enzyme, or enzyme complex, that effects a particular reaction and the properties of that enzyme. In addition, when an enzyme is purified various sturlies on the mechanism of a reaction can be carried out which are not possible with cruder systems. It is also possible to determine unequivocally whether certain compounds are intermediates in a reaction: for example, lycopersene in the synthesis of phytoene. Finally, the relationship between genes for carotene biosynthesis and specific enzyme proteins can be established.
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Unfortunately, studies on the enzymatic synthesis of carotenes are in their early stages. Therefore, many of the answers to questions on carotene biosynthesis that are attainable by this method are still not available. There have been, though, enough surprises in early studies to indicate that this method will produce many interesting results in the future.
The studies on the enzymatic synthesis of carotenes that are to be presented in this paper will be divided into three parts. In the first of these we will discuss the enzymatic conversion of isopentenyl pyrophosphate to phytoene, and in the second section the conversion of phytoene to lycopene. The last section will be concerned with the conversion of lycopene to cyclic carotenes. Our discussions will be based first on the reactions that are effected by enzymes obtained from tomato fruits, and then on the reactions effected by cell-free extracts or enzymes from other plants or microorganisms. Emphasis on the latter studies will be placed upon deviations, if any, from the tomato system.
GONVERSION OF ISOPENTENYL PYROPHOSPHATE TO PHYTOENE
A major breakthrough which has led to studies on the enzymatic synthesis of carotenes in tomato fruits was achieved over ten years ago by Jungalwala and Porter (Ref. 1) . These workers demonstrated that an acetone powder could be made from tomato fruit plastids with the retention of enzyme activity for carotene biosynthesis. The enzymes could then be extracted as soluble proteins with a buffer, as evidenced by the fact that they remained in the 100,000 x g supernatant on ultracentrifugation. Protein in this supernatant solution could then be subjected to purification procedures. It was found that an enzyme system that converted isopentenyl pyrophosphate to phytoene could be precipitated with ammonium sulfate (20 to 60%) and then subjected toBio-Gel A filtration (Ref. Fig. 3 , and its activity is increased 6-to 7-fold in the presence ofATP, Fig. 4 . The function of ATP in stimulating the formation of phytoene is not clear. Since ATP is not involved in the reactions by which isopentenyl pyrophosphate is converted to phytoene, another function for this compound needs to be postulated. Possibly ATP may be important in maintaining the integrity of the complex, or it may act as an allosteric regulator of the activity of this enzyme.
The reactions effected by the phytoene synthetase complex are presented in Fig. 5 . This enzyme system appears to be a remarkable complex, inasmuch as it carries out (1) the isomerization of isopentenyl pyrophosphate to dimethylallyl pyrophosphate, (2) the condensation reactions that yield successively geranyl, farnesyl and geranylgeranyl pyrophosphates, (3) the condensation reaction that yields prephytoene (also called prelycopersene) pyrophosphate and (4) the reaction that converts the latter compound to cis-phytoene.
Phytoene synthetase is an unstable complex. It may be stabilized, though, in the presence of 30% glycerol, 2 mM dithiothreitol and -20°C for at least a month. It is unstable to standard ionic methods of purification of proteins, inasmuch as all activity for phytoene synthesis is lost in attempts to purify this enzyme by DEAE-cellulose chromatography. Hence, the problem of purification of phytoene synthetase to homogeneity has not been solved, and will not be until a new method of purification such as affinity chromatography is developed. When phytoene synthetase is subjected to DEAEcellulose chromatography all activity for phytoene synthesis is lost, but activity for the formation of acid-labile compounds from isopentenyl pyrophosphate remains (Ref 3), Fig. 6 . Presumably, this activity is dissociated from phytoene synthetase, inasmuch as the molecular weight of the acid-labile synthesizing enzyme is 40,000, Fig. 7 , as ceropared with 200,000 for phytoene synthetase. The acidlabile synthesizing system has been purified to homogeneity, or near homogeneity (Ref. 4) . A purification of approximately 60-fold was achieved, Table 2 . Evidence for the homogeneity, or near homogeneity, of this enzyme systemwas obtained was observed.
The products formed by the acid-labile synthesizing enzyme have been identified as geranylgeranyl and prephytoene pyrophosphates by several thin-layer chromatographic systems. One separation of these compounds is shown in Fig. 9 . The geranylgeraniol moiety of geranylgeranyl pyrophosphate has also been identified by gas-liquid chromatography after acid cleavage of the pyrophosphate compound. Since the acid-labile synthesizing enzyme forms przphytoene pyrophosphate, it has been designated as prephytoene pyrophosphate synthetase. It is a remarkable enzyme in that it appears to have three separate functional groups, or active sites, in one peptide of 40,000 molecular weight. This enzyme system catalyzes all of the reactions shown in Fig. 5 , except for the conversion of prephytoene pyrophosphate to phytoene. Studies relating genes for carotene biosynthesis to enzymes effecting the synthesis of these compounds have shown that none of the genetic selections of tomatoes studied thus far are lacking in phytoene synthetase. It has been found, too that the product of phytoene synthetase action is not the same in all organisms. In the tomato and in many other organisms, the product is cis-phytoene. The synthesis of cis-and trans-phytoene by different organisms has led Gregonis and Rilling (Ref. 9) to propose a mechanism for the formation of these compounds from prephytoene pyrophosphate, Fig. 10 . In this mechanism a pro-R or pro-S hydrogen is removed to form, respectively, trans-phytoene or cis-phytoene. From the studies that have been made on phytoene synthetase it appears that these extractions of hydrogens from prephytoene pyrophosphate are effected by the enzyme in the absence of a cofactor or a prosthetic group, since no evidence for the requirement of either has been obtained.
It appears fairly obvious that the enzymes that form cis-and trans-phytoenes must differ significantly in the spatial geometry of their active sites, inasmuch as the hydrogen removed by each has a different position relative to the remainder of the prephytoene pyrophosphate structure. It will be of interest, therefore, to isolate, purify and cornpare the properties of phytoene synthetases synthesizing cis-and trans-phytoenes.
CONVERSION OF PHYTOENE TO LYCOPENE
An enzyme systern capable of converting phytoene to lycopene was isolated frorn an acetone powder of tomato fruit plastids and then partially purified by amrnoniurn sulfate precipitation by Kushwaha et al. (Ref. 17) . When the enzyme systern was obtained frorn red tomato fruit plastids radioactive phytoene was converted to cisphytofluene, trans-phytofluene, '-carotene, neurosporene, lycopene and Y-carotene, Table 4 . These conversions demonstrated the sequence of reactions by which phytoene is converted to lycopene in red tornato fruits, Fig. 11 . In this set of conversions the pathway is cis-phytoene ~ cisphytofluene ~ trans-phytofluene ~ trans-,-carotene ~ neurosporene ~ lycopene. T._ Fig. 11 . The pathways of lycopene and·prolycopeneform-ation frorn cis-phytoene by cell-free extracts from tomato fruit plastids Additional studies have been carried out using cell-free extracts of tangerine tomato fruit plastids (Ref. 19) . In this genetic strain, the predominant pigments which occur ar~ the poly-cis-compounds, proneurosporene and prolycopene. A soluble enzyme system of plastidsfrom these tomato fruits incorporates radioactivity from cis-[ 14 C]phytofluene, trans-[ 14 C]phytofluene, and trans-,-[ 14 C]carotene into both proneurosporene and prolycopene (Ref. 19) . It was concluded from this study that the branch point in the conversion of the poly-cis-compounds is trans-,-carotene, with the intermediate formation of cis-,-carotene. However, the possibility of the direct conversion of cis-phytofluene to cis-,-carotene could not be eliminated. In a companion study (Ref. 20) cis-,-·carotene was isolated from tangerine tomato fruits and purified. This compound was characterized by its light absorption spectrum before and after iodine catalysis, Fig. 12 . Radioactive cis-,-carotene was then prepared and its conversion to proneurosporene, prolycopene, trans-,-carotene, neurosporene and lycopene was demonstrated with an extract of lyophilized tomato fruit plastids, Table 5 . This compound is also converted in small amounts to y-and ß-carotenes by the same enzyme system. These studies show that cis-,-carotene is an intermediate in the formation of polycis-carotenes. The conversion of this compound to trans-,-carotene has also been demonstrated. Whether cis-,-carotene can be formed directly from cisphytofluene has not been determined. However; this conversion appears to be a reasonable possibility , Fig. 11 .
At present the number of enzymes involved in the biosynthesis of carotenes and whether they are organized in a complex is not known. Some observations can be made, though, on this point on the basis of the above and other investigations on the pathway of carotene biosynthesis in tomatoes. In higher plants the predominant isomer of phytoene is the cis-compound. However, '-carotene, neurosporene, lycopene and the cyclic carotenes are present as trans-compounds. This means that in an early stage in the pathway of phytoene desaturation there is an isomerization reaction at the central cis double bond to form the trans-isomer. Only traces of trans-phytoene have been found in tomato fruits and it is not believed that this compound is an intermediate in the synthesis of the more unsaturated carotenes. Cisphytoene is instead converted to cis-phytofluene, which is then isomerized to trans-phytofluene in the red tomato. Presumably, one isomerase exists in tomato fruits which effectively isomerizes cis-phytofluene to trans-phytofluene, Fig. 11 .
In the tangerine variety of tomatoes poly-cis-carotenes replace the trans-carotenes present in red tomatoes. The tangerine variety of tomato also differs from the normal red variety in carotene biosynthesis by a single gene. Unfortunately, the exact cis-trans structures of the poly-cis-compounds, proneurosporene and prolycopene, are not presently known. This is obviously an important question to an understanding of the identity of the enzyme change that has given rise to this genetic strain and one that needs to be answered relatively soon. Since there is a single gene difference in the genes for carotene biosynthesis in red and tangerine tomatoes, it appears probable that the defective gene in the tangerine variety codes for an isomerase that very inefficiently isomerizes cis-phytofluene to trans-phytofluene. Under these circumstances desaturation would continue at the cis-phytofluene stage with the formation of poly-cis-carotenes. This would suggest that the specificity of the dehydrogenases is broad enough to desaturate cis-er trans-carotenes when they are present in plastids. This point could be verified by det~rmining ~hether cis-,-carotene is converted to more unsaturated carotenes by an extract of plastids of red tomato fruits. (See Addendum.) In the conversion of phytoene to lycopene four dehydrogenation steps are required, Fig. 11 . These dehydrogenations introduce trans-double bonds. In the first of these dehydrogenations cis-phytoene is converted to cis-phytofluene. This compounJ is the~ isomerized to transphytofluene. Three successive dehydrogenations then occur with the formation of C-carotene, neurosporene and lycopene, respectively. Whether these dehydrogenations are effected by one or more dehydrogenases is not known. Hm<ever, it seems probable that more than one dehydrogenase exists. It is also not known whether the dehydrogenases exist as a complex, as individual enzymes or as a single polyfunctional protein. It seems reasonably clear, though, that the dehydrogenases are separate from the isomerase in that different genes code for these enzymes. It is quite possible, though, that the dehy~rogenases and the isomerase exist in an enzyme complex. Obviousl;~, the enzymes for conversion of phytoene to lycopene need to be isolated and purified ~ö establish which of the above possibilities is the correct one.
Same studies on the cofactor requirements for carotene biosynthesis have been carried out which suggest that more than one dehydrogenase is involved in the conversion of phytoene to lycopene. In this process it is evident that the removal of hydrogen is effected by a dehydrogenase and not by a mixed function oxidase, inasmuch as oxygen is not required in thP. conversion of phytoene to lycopene. In the early studies of Kushwaha et al. (Ref. 17) it was found that the conversion of phytoene to phytofluene was dependent on NADP+, whereas the reactions from phytofluene to; lycopene appeared to require FAD and Mn++, Table 6 . These results suggest the possibility that the dehydrogenase for the conversion of phytoene to phytofluene might be different from the ones converting phytofluene to lycopene. In the studies by Qureshi et al. (Ref. 18) on the conversion of cis-[ 14 C]phytofluene to other carotenes it was found that the omission of FAD, NADP+ or Mn++ resulted in dimiuished incorporation of radioactivity into more unsaturated carotenes, Table 7 . These results are in agreement with those of Kushwaha et al. (Ref. 17) and they suggest the possibility of two separate types of dehydrogenation, or possibly the involvement of NADP+ in the cis-trans isomerization reaction.
GONVERSION OF PHYTOENE TO LYCOPENE IN OTHER SYSTEMS
The enzymatic conversion of [ 14 C]phytoene to acyclic carotenes has also been demonstrated with an ammonium sulfate pJ;ecipitated spinach enzyme system (Ref. 21) . In this system the incorporation of radioactivity into phytofluene and lycopene required both light and a boiled extract. Neither of these is required by the tomato enzyme system. FAD was also required for the conversion of isopentenyl pyrophosphate to lycopene and NADP+ was required for the formation of phytofluene. The enzymes for the conversion of phytoene to lycopene are locate~ in the plastids, as is found with the tomato system, but the enzymes for the conversion of isopentenyl pyrophosphate to phytoene appear to be located outside the plastids· 6901  1118  501  651  374  309  4378  452  201  352  110  9G  5872  617  312  492  332  297  7298  1415  216  157  112  97  4882  904  207  710  370  289  7547  1263  702  812  402  480  -Tween 80  3772  791  274  414  81  98  -FAD, NADP+,  202  56  42  34  35 but the cofactor requirements for these reactions have not been determined. Whether or not these are soluble enzymes as are found in higher plants or membrane-bound enzym~s is unknown since the extracts used were obtained by low-speed centrifugation. The enzyme system from Phycomyces is of particular interest since there is evidence from quantitative genetic complementation studies for a multienzyme complex carrying out the desaturation of phytoene to lycopene in this organism (Ref. 24) . In the Phycomyces pathway, as in higher plants, the more unsaturated acyclic and cyclic carotenes are trans whereas phytoene is predominantly cis. However, in Phycomyces, cis-phytoene appears to be converted to the trans-isomer before dehydrogenation (Ref. 23 ). The formatiqn of lycopene from trans-phytoene would then involve four successive dehydrogenation reactions. Because of the difference in the initial step in the conversion of cis-phytoene to lycopene in Phycomyces and in higher plants, a comparative study of the organization of the enzymes in the two systems would be of interest.
A more extensive study on carotene biosynthesis has been carried out with a cell-free preparation from Halobacterium cutirubrum (Ref. 13 ). The enzymes involved in the conversion of phytoene to other carotenes in this system are soluble, since they are located in the 270,000
x g supernatant fraction. With this enzyme system it was shown that radioactivity was readily incorporated into carotenes from trans-phytoene and trans-phytofluene, but there was little or no conversion when cis-phytoene or cis-phytofluene were used as substrate, Table  8 . This is consistent with what is known of the pathway of carotene biosynthesis in this organism. Unlike the higher plant·and Phycomyces systems discussed above, in Halobacterium the isomer of phytoene is the trans-compound (Ref. 25 ) and neither cis-phytoene nor cisphytofluene is an intermediate in the formation of more unsaturated carotenes (Ref. 13 ). In agreement with other systems which have been examined, it was found that the formation of more unsaturated carotenes required the presence of NADP+ and FAD (Ref. 13) . It was also found that a high concentration of salt (4 M NaCl) was required for stability of the system from Halobacterium, an organism that grows in an extremely halophytic environment. It is clear from the above discussion that there are some significant variations in the enzyme systems effecting carotene biosynthesis in various organisms. The product formed in most instances is a trans-carotene, such as lycopene. There is a difference, though, as to whether cis-or trans-phytoene is formed. There is also a difference as to the step at which the cis-compound is converted to the trans-carotene (phytoene or phytofluene). There may also be a difference in the state of the enzyme; some are soluble, whereas others are particulate. Finally, it appears that there may be some differences in cofactors, particularly for the enzyme system from chloroplasts. These differences should prove to be interesting when,they are concretely established through the isolation and purification of individual enzymes of carotene biosynthesis.
Cis-
FORMATION OF CYCLIC CAROTENES
Cell-free extracts from tomato plastids that convert phytoene to lycopene also convert phytoene and lycopene to one or more of the four cyclic carotenes found in tomatoes. In red tom-atoes small amounts of u-, ß-and y-carotenes are found, whereas !arge amounts of 0-carotene and ß-carotene are found, respectively, in Hi 6 and Hi ß tomato selections. The reactions involved in the formation of these compounds from lycopene are shown in Fig. 13 . converted lycopene to al1 four cyc1ic carotenes. Similar resu1ts were obtained with extracts of p1astids of ye11ow f1esh (1ow total), apricot and crimson strains. The amounts of radioactivity incorporated into the cyc1ic carotenes were much 1ower, though, main1y because the specific activity of the substrate was much 1ower than that used for the red tomato plastid extracts. In extracts of the tangerine and Verkerk strains no conversion of radioactive 1y-copene to ö-or u-carotene was observed. Data have also been obtained on the cofactor requirements for the cyc1ization of lycopene to cyc1ic carotenes. A requirement for FAD for this reaction has been reported, Tab1e 10.
Relative1y 1itt1e is known about the number and characteristics of the enzymes that convert lycopene to cyc1ic carotenes in tomato fruit p1astids. In studies on the conversion of radioactive 1ycopene to cyc1ic carotenes, extracts from p1astids of fruits of two genetic strains cata1yzed the formation of y-and ß-carotenes, but not ö-or u-carotenes, Tab1e 9.
This resu1t is consistent with the presence in tomatoes of separate enzymes for the formation of y-and ß-carotenes which .have ß-ionone rings, and ö-and u-carotenes which have an u-ionone ring. Another point of interest is whether the enzyme that forms the ß-ionone ring.in the conversion of lycopene to v-carotene can also crinvert v-carotene to ß-carotene. Similarly, can this enzyme convert ö-carotene to a-carotene? Although it would probably be possible for one enzyme to effect each of these reactions, namely, lycopene ... v-carotene, · v-carotene ... ß-carotene and ö-carotene ... a-carotene, it seems more likely that separate enzymes exist for each of these reactions. The mechanism of cyclization of lycopene to cyclic carotenes is thought to involve a proton attack at C-2 of lycopene, followed by ring closure to yield a carbonium ion intermediate (Ref . 28 ). An a-or ß-ionone ring is then formed, depending on which proton is lost from the intermediate. A scheme for the enzymatic synthesis öf a-or ß-carotenes is given in Fig. 14 . In this scheme, separate en·zymes are proposed for the formation of the a-and ß-ionone rings, with the formation of an identical carbonium ion intermediate for each. The products formed by the first cyclization reaction are v-and ö-carotenes. A second cyclization would lead to the formation of ß-and a-carotenes. Whether this cyclization is brought about by one enzyme that recognizes either v-or ö-carotenes or by enzymes that are specific for each of these compounds is unknown.
Whether extracts of tomato plastids have enzymes which can cyclize neurosporene as well as lycopene cannot be determined until the individual cyclization enzymes are isolated and purified. Traces of a-and ß-zeacarotene do occur in tomatoes but these compounds could arise if the specificity of the enzymes cyclizing lycopene is not absolute.
FORMATION OF CYCLIC CAROTENES IN OTHER SYSTEMS
Cell-free extracts of Phgcomgces blakesleeanus have been prepared which incorporate radioactivity from lycopene, v-~) carotene, and neurosporene into ß-carotene (Ref. 29) . The relative effects of carrier ß-zeacarotene and lycopene in diluting out radioactivity incorporated from [ 14 C]neurosporene into ß-carotene were also examined in this work. Both compounds ~educed the amount of radioactivity incorporated into ß-carotene. This result was interpreteq as evidence for two cyclization pathways being operative, one involving cyclization of neurosporene to ß-zeacarotene and then to ß-carotene, and a secend involving cyclization of lycopene to y-carotene and ß-carotene. The possibility that these results could be due to low substrate specificity was also recognized, however. 
ADDENDUM
At these meetings it was reported by Dr. Moss that the structure of prolycopene is 7,9,7 1 ,9 1 -tetra-cis-lycopene. The presence of the trans central double band in prolycopene indicates ~hat the isomerization reaction (the conversion of cis-phytofluene to trans-phytofluene) in the tangerine tomato is the same as that in the red tomato. Cis-,-carotene, whose cis-transstructure is unknown might arise from cis-phytofluene (if the cis-band is at the 15,15 1 position) or it might arise from trans-,-carotene (if the cisband is at the 11 position). It appears most likely, though, that cis-,-carotene has a central cis band. Obviously, the characterization of the cis-trans structure of this campeund is needed. If prolycopene is formed from trans-,-carotene, this would indicate the difference between red and tangerine tomatoes resides in the dehydrogenase that effects the terminal dehydrogenation reactions. If so, the dehydrogenase in the tangerine tomato would introduce 7 and 7 1 cis double bonds into trans-,-carotene in the conversion of this campeund to prolycopene. In the process the trans-double bonds at the 9 and 9 1 positions would be converted to cis bonds. Proneurosporene would be an intermediate in this reaction. Obviously, a characterization of the cistrans structure of this campeund is also needed.
Relatively large amounts of radioactivity were also found in lycopene when neurosporene was used as substrate. These observations would suggest that cyclization proceeds from lycopene to ß-carotene in this organism. It is evident from data reported in this paper that a number of cell-free systems have been developed which will effect the biosynthesis of carotenes. It is also evident that a considerable number of new studies must be carried out with the enzymes of these systems if we are to establish the mechanisms of their actions. Hopefully, many of these studies will be carried out in the next three years.
